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ON THE ORBITS OF COMETS AND SECONDARIES 
The numerical calculations of s tabi l i ty  for  many possible 
orbits ofadouble nucleus for  P/Holmes, leading to  the surmised 
collision of a companion nucleus i n  1893, showed that the 
likelihood of such a pre-collision history was quite h i g h .  
In other words, there were no suggestions resulting from the 
calculations that the general hypothesis of  a double-nucleus 
collision to account for the double outburst i n  1892 and 1893 
is  not completely tenable. 
orbits w i t h  periods greater than 73 days separating the two out- 
bursts were indeed stable for hundreds o f  revolutions integrated 
numerically. 
the geometry of the outburst, i t  was not possible to reconstruct 
details of the orbital motions o f  the two postulated components 
before the collision, although certain rather uninteresting re- 
strictions could be seton the orbits. 
A number o f  integrations were made of hypothetical orbits 
for  particles about the asteroid Amphitrite (29) to t e s t  for 
stabil i ty.  The purpose was t o  establish more favorable fly-by 
orbits close t o  the asteroid for the Galileo missions en-route 
to Jupiter, reducing the collisional hazard from possible meteo- 
roidal material i n  orbit about the asteroid. Most of the elonga- 
ted orbits extending beyond 20,000 km o f  the asteroids tended 
to be very unstable. Delay of the Galileo mission thwarted this 
theoretical effort ,  although Whipple hopes to  return to  the pro- 
blem when i t  becomes relevant again. The IRAS observation of 
particulate streams i n  the orbit  of asteroids and comets pro- 
mises research possibilities of great interest  i n  such studies. 
Many orientations of retrograde 
Because of the sparce direct evident concerning 
A s t a t i s t i c a l  study was made of the o r b i t s  o f  long-period 
comets w i t h  small o r i g i n a l  semi-major axes, suggestive o f  t h e i r  
being r e l a t i v e l y  - new comets, r e c e n t l y  perturbed from the great  
Opik-Oort Cloud about the Solar System. 
t h a t  were observed t o  be i n t r i n s i c a l l y  f a i n t  (34) and s p l i t  
comets o f  long per iod (15) e x h i b i t  a reg ion o f  avoidance i n  the 
d i r e c t i o n  o f  t h e i r  major axes ( l i n e s  o f  apsides). The axes o f  
45 o u t  of 49 avoid by 750 the e c l i p t i c  longitude, L=40.5, and 
e c l i p t i c  l a t i t u d e ,  B = +3'.0. 
i s  %0.002. The in te rp re ta t i on  o f  t h i s  e f f e c t  i n  terms o f  the 
se lec t i ve  o r i g i n  of these unstable comets i s  no t  y e t  e n t i r e l y  c l e a r  
although i t  probably i s  connected t o  disturbances t o  comet o r b i t s  
i n  the Opik-Oort Cloud by the g a l a c t i c  mass, e i t h e r  by the cen t ra l  
mass o r  by the gradient perpendicular t o  the plane. 
case, as recen t l y  shown by various invest igators ,  the o r b i t s  
w i t h  l i n e s  of apsides near the Galact ic Pole are no t  inf luenced 
by these at t ract ions,  The d i r e c t i o n  L = 4 O . 5 ,  B=.+3'.0 i s  on l y  
3Za from the southern galact ic pole. The pole i t s e l f  i s  no t  so 
e f f e c t i v e l y  avoided by the b r igh te r  c new comets as i s  t h i s  reg ion by 
the f a i n t  and unstable comets. These f a c t s  may be t e l l i n g  us something 
about the d i s t r i b u t i o n  o f  comets i n  the Opik-Oort Cloud, but  the 
message i s  not  y e t  c lear .  
Comets i n  such o r b i t s  
The p r o b a b i l i t y  o f  t h i s  avoidance 
I n  e i t h e r  
Hal ley 's 1986 Appar i t ion 
As comet P/Halley approached the Sun dur ing 1985-1986, the 
a t t e n t i o n  o f  the Solar-System s c i e n t i f i c  c o n u n i t y  as wel l  as 
the p u b l i c  began t o  center more and more on the many aspects o f  
t h i s  unique pe r ihe l i on  passage. 
a t t e n t i o n  more and more diverted t o  a c t i v i t i e s  r e l a t e d  t o  Hal ley 's  
comet. This e f f o r t  included no t  on l y  pure ly  s c i e n t i f i c  aspects o f  
consul t ing and advis ing on many programs o f  i n te rna t i ona l  import 
such as the In te rna t i ona l  Halley Watch, the Interagency Consul t a -  
t i v e  Group, the Giot to  spacecraft science and many ind i v idua ls  and 
Consequently, Whipple found h i s  
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observatory participants.  The e f f o r t  a1 so incl dded educating the 
news media, the planetariums and individuals o f  the public. The 
t ru ly  remarkable cometary space missions demanded s c i e n t i f i c  a t ten-  
t ion both i n  preparation and i n  in terpretat ion.  
The r e su l t s  from the space missions to Halley's comet a r e  
pa r t i a l ly  reported i n  the two papers i n  the appendices and i n  
papers i n  preparation for the grea t  Heidelberg symposium coming i n  
October 1986 so no serious summaryis needed here. The main r e su l t s  
concerning the nucleus a re  the extremely low albedo, and moderately 
well anticipated mass loss ,  mostly from water ice. These results, 
combined w i t h  the observed non-gravitational forces,  lead to  a very 
low calculated mean dens i ty ,  of the order of 0.1 t o  0.5 g ~ m - ~ ,  
much below the expected value of near unity,  A number of sugges- 
t ions regarding or igin concomitant w i t h  the Solar-System follow 
from these and abundance measures and will be reported a s  the mas- 
sive information from the P/Halley observations pour i n .  
Other Act iv i t ies  
Dr. Whipple received the Kuiper Prize " for  major contributions 
to  planetary sciences" given by the American Astronomical Society, 
Division for  Planetary Sciences on October 31, 1985 and the C.W. Bruce 
Medal of the Astronomical Society of the Pacific on July 15, 1986. 
A t  both meetings he responded w i t h  discussions of cometary science 
and Halley's comet. 
Among his numerous other pub1 i c  presentations about comets were: 
"The Nature of Comets" t o  the workshop on Chemistry and Or ig in  o f  the 
Solar System held a t  NASA's Ames Research Center on May 29, 1985; 
A lecture  to an international his tor ical  conference on Newton 
and Halley held a t  the University of California a t  Los Angeles, 
August,  11 , 1985; 
A presentation t o  the Inter-Agency Consultative Group of space 
research a t  Washington, D.C.  on September 11, 1985; 
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Two lectures  t o  the American Philosophical Society a t  
Philadelphia, one on November 15, 1985 and the other on April  26, 
1986 (see below, publications i n  press); 
Lecture to the NASA Office of Technology and Space Program 
Development a t  the Jet Propulsion Laboratory on June 24, 1986; 
Invited to a small luncheon i n  the White House by the President 
of the United S ta tes  on March 26, 1986. 
s c i e n t i s t s  were able to acquain t  the President w i t h  the l a t e s t  de- 
velopments of cometary and space research; 
Dr. Whipple and f i v e  other  
Whipple has been active in consulting w i t h :  
The U.S. National Academy of Sciences Committee on Planetary 
and Lunar Exploration (COMPLEX) ; 
The International Inter-Agency Consultative Group of the Solar- 
System space research; 
NASA's Comet Rendezvous Science Working Group; 
The International Halley Watch; 
The European Space Agency's spacecraft  to  Halley's Comet, Giotto 
These a c t i v i t i e s  enabled h i m  to  be present i n  Moscow on March 6-9, 
1986, and i n  Darmstadt, FGR, on March 14, 1986 to receive f i r s t  hand 
the r e su l t s  from the Vega and Giotto mission to Halley's Comet. 
Pub1 icat ions 
"Present Status of the Icy Conglomerate Model" (Center for Astro- 
physics Preprint Series No, 1996, 1985, Ices i n  the Solar 
System, Ed. J. Klinger, D. Benest. A. Dolfus, R. Smolukowski, 
D. Reidel, 343-366. Also "Der gegeniwartige Stand des Eis- 
konglomeratmodells der Kometenkerne", 1985, Die Sterne, Vol.8, 
303-31 4. 
COMET P/HOLMES, 1892111- A Case o f  Duplicity? (Center f o r  Astro- 
"The Mystery of Comets", 1985, Smithsonian Ins t i tu t ion  Press, 276p. 
physics Preprint Series No. 1995) 1984, ICARUS, &J. 60,522-531. 
"The Giotto Hal 1 ey Mu1 ticolour Camera, w i t h  16-co-auChors, 1986, 
European Space Agency, SP -1077, 149-172. 
"First Halley Mu1 ticolour Camera imaging results from Giotto, w i t h  
17 co-authors, 1986, NATURE 321, 320-329. 
In Press: "News from visits t o  Halley's Comet," t p  be published 
jo in t ly  by the American Philosophical Society and the Royal 
Society of England.Presented i n  Philadelphia on Apri l  26, 1986 
(see appendix). 
"A review of Cometary Sciences," t o  be p u b l i s h e d  by the Royal Society 
i n  England, presented a t  a meeting o f  the Royal Society i n  London 
on May 21 1986 (see appendix). 
Appendices 
A Review of Cometary Sciences 
Fred L. Whipple 
Harvard-Smithsonian Center  for  Astrophysics  
In t roduc t ion  
This i n t roduc t ion  is intended “to p r e s e n t  a broad 
elementary d e s c r i p t i o n  of t h e  phenomena and na tu re  of 
comets. The r e a d e r  who wishes t o  pursue t h e  gene ra l  
s u b j e c t  i n  more d e t a i l  i s  r e f e r r e d  to books e d i t e d  by 
Delsemme (19771, McDonnell (1978) and Wilkening (1982) . 
t h e  r e l a t i o n s h i p  of comets t o  t h e  i n t e r p l a n e t a r y  com- 
p l e x  and poss ib ly  t o  a s t e r o i d s  and p l a n e t s ,  on t h e  
n a t u r e  of the cometary nucleus and on i t s  p o s s i b l e  modes 
of evolu t ion .  Cometary phenomena such as ion  t a i l s  
w i l l  l a r g e l y  be ignored as w i l l  o r b i t a l  characteristics, 
t r e a t e d  i n  a l a t e r  paper by Wether i l l .  
Following the i n t roduc t ion ,  emphasis c e n t e r s  on 
A t  g r e a t  solar d i s t a n c e s ,  comets appear  as poin t -  
l i k e  sources  of r e f l e c t e d  s u n l i g h t ,  obse rva t iona l ly  in-  
d i s t i n g u i s h a b l e  from s t a r s  except  f o r  t h e i r  motion ac ross  
t h e  s t e l l a r  background. As comets approach the  Sun, 
u sua l ly  w e l l  w i t h i n  J u p i t e r ’ s  d i s t a n c e ,  they develop a 
hazy coma, sometimes w i t h  an appa ren t ly  s t a r l i k e  c e n t r a l  
condensation. Because of t h e  l i m i t e d  r e so lv ing  power of 
t e l e scopes ,  t h i s  condensation may be s e v e r a l  hundred t o  
thousands of k i lometers  i n  diameter .  More a c t i v e  comets 
may develop d i f f u s e  comas of s e v e r a l  t e n s  of thousands of 
k i lometers  i n  diameter  and a l s o  t a i l s ,  up t o  a 100 ,000 ,000  
km or more i n  length ,  d i r e c t e d  g e n e r a l l y  away from t h e  Sun 
and lagging a few degrees behind t h e  orbi ta l  motion about  
t h e  Sun. 
T h i s  a c t i v i t y  arises e n t i r e l y  from t h e  h e a r t  of t h e  
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comet, i t s  nucleus,  an i n t i m a t e  mixture  of ices and d u s t  
ranging i n  dimension from less than  one k i lometer  t o  
some t e n s  of ki lometers .  When t h e  Sun's r a d i a t i o n  be- 
comes adequate  t o  produce s i g n i f i c a n t  subl imat ion  of t h e  
ices, t h e  r e s u l t a n t  vapor escapes  f r o m  s u n l i t  areas on 
t h e  nucleus ca r ry ing  wi th  it embedded d u s t  and meteoroidal 
material. The d u s t  becomes observable  as it scatters and 
reflects s u n l i g h t  while  t h e  gas  s h i n e s  by f luorescence .  
I n  t h i s  process ,  t h e  gaseous a t o m  o r  molecule absorbs a 
quantum of s u n l i g h t  and then  r e - r a d i a t e s  t h e  energy usua l -  
l y  i n  t w o  o r  more quanta  of lower energy, and t h e r e f o r e  
i n  redder l i g h t  t han  t h a t  of t he  absorbed quantum. 
evidence suggests  t h a t  comets c o n t r i b u t e  any of the radia- 
t i o n  observed, although t h e  warming of extremely co ld  ices 
may release a certain amount of energy stored i n  the  form 
of imperfect  c r y s t a l l i n e  s t r u c t u r e  i n  amorphous ices. 
The Sun is  overwhelmingly the  prime source  of cometary 
a c t i v i t y  and observed r a d i a t i o n .  
range f r equen t ly  shows t h e  s i l i ca te  s i g n a t u r e  i n  i t s  in-  
f r a r e d  r e f l e c t i o n  spectrum n e a r  a wavelength of  1 0  pm. 
T h i s  d u s t  is forced  away from t h e  Sun by l i g h t  p re s su re  
w i t h  a c c e l e r a t i o n s  r a r e l y  exceeding t h a t  of solar grav- 
i t y .  Thus,  with the proper  geometry, w e  o f t e n  see such 
d u s t  t a i l s  as r e l a t i v e l y  s tubby,  curv ing  a t  conspicuous 
ang le s  behind t h e  orbi ta l  motion of t h e  cornet. 
The composition of cometary comas and t a i l s  as ob- 
served by o p t i c a l ,  infrared,  u l t r a v i o l e t  and radio 
senso r s  i s  l i s ted  i n  T a b l e  1. The pre l iminary  r e s u l t s  
f r o m  t h e  missions to Hal l ey ' s  comet r epor t ed  i n  subsequent  
papers  of t h i s  symposium should add m a t e r i a l l y  to t h e  
e n t r i e s  i n  t h i s  Table and t o  t h e i r  p h y s i c a l  i n t e r p r e t a t i o n .  
S u f f i c e  it t o  say  t h a t  gas-phase chemistry nea r  the  
nucleus of a comet i n  t h e  presence of  s o l a r  r a d i a t i o n  can 
. 
No 
The f i n e  d u s t  of dimensions i n  t h e  micrometer (vm) 
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make and des t roy  compoundsh p r i m a r i l y  of oxygen, carbon, 
n i t rogen  and hydrogen i n  such a f a sh ion  a s  t o  make de- 
t a i l e d  deduct ions about t h e  ices i n  comets f r o m  t h e  d a t a  
of Table 1 a q u i t e  impossible t a s k .  From t h e  s tudy of 
many comets, however, t h e  observed l i n e s  and bands of H, 
0 and OH l ead  t o  t h e  sum of t h e i r  abundances as roughly 
H20, i n d i c a t i n g  t h a t  water ice i s  t h e  major i c y  component 
of comets. Carbon compounds, a l though numerous c o n s t i t u t e  
a l t o g e t h e r  only perhaps 2 percen t  of  t h e  t o t a l  m a s s  of 
t h e  ices, carbon being d e f i c i e n t  w i t h  r e s p e c t  t o  oxygen 
and n i t rogen  when compared wi th  s o l a r  abundances. 
The observable  d u s t  component varies s t r i k i n g l y  from 
comet t o  comet, some cornets d i sp lay ing  almost  none by re- 
f l e c t e d  s u n l i g h t  i n  t h e i r  s p e c t r a .  Perhaps a t h i r d  of 
t h e  mass of an average comet c o n s i s t s  of d u s t  and e a r t h y  
p a r t i c l e s .  
The molecules i n  space genera.l ly have l i f e t i m e s  of a 
number of hours t o  a few days a g a i n s t  t h e  d i s s o c i a t i n g  
and ion iz ing  e f f e c t s  of s u n l i g h t .  Since t h e  gas l eaves  
t h e  s u r f a c e  of t h e  nucleus with a v e l o c i t y  of t h e  o rde r  
of  0.5 km sec'l a t  t h e  E a r t h ' s  d i s t a n c e  from t h e  Sun, t h e  
coma may, t h e r e f o r e ,  a t t a i n  an observed diameter  of 30,000 
t o  100,000 km ( 2  x 0 . 5 ~  8 6 , 4 0 0 ) .  The diameter  of t h e  coma 
may tend t o  decrease  as t h e  comet approaches t h e  Sun be- 
cause t h e  l i f e t i m e s  of t h e  s p e c i e s  decrease  p ropor t iona l ly  
t o  t h e  s o l a r  r a d i a t i o n  while  t h e i r  v e l o c i t y  i n c r e a s e s  only 
as i t s  square-root .  
r a d i a t i o n  removes e l e c t r o n s  from t h e  va r ious  s p e c i e s  re- 
c e i v e  e s p e c i a l  t reatment  i n  t h e  cometary coma. They be- 
come s u b j e c t  t o  t h e  ac t ion  of t h e  s o l a r  wind. The Sun's 
high atmosphere blows of f  about  a m i l l i o n  t o n s  p e r  second 
of extremely h o t  gas  a t  a speed of s o m e  400 km/sec. The 
P o s i t i v e l y  charged ions  t h a t  are formed when solar 
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gas  of t h i s  solar wind is thoroughly ion ized  a t  tem- 
p e r a t u r e  of t h e  order of  a m i l l i o n  degrees. 
it becomes a plasma, meaning t h a t  t h e  i o n s  and elec- 
t r o n s  t h a t  compose it c a r r y  w i t h  them s t r o n g  electri- 
c a l  c u r r e n t s  and magnetic f i e l d s  compris ing t o t a l  
ene rg ie s  comparable t o  t h e  t o t a l  k i n e t i c  energy of 
motion of t h e  ions  and e l e c t r o n s .  Xn t h e  rare gases  
of a comet's coma, t h e s e  magnetic f i e l d s  of t h e  solar 
wind can s e l e c t i v e l y  e n t r a p  any e l e c t r i c a l l y  charged 
i o n s  p re sen t  and ca r ry  them along,  away f r o m  t h e  Sun. 
I n  t h i s  fash ion  the  s o l a r  wind forms t h e  huge nea r ly  
s t r a i g h t  t a i l s  of comets, seen only by f luo rescence  
of t h e  ions  present ,  p a r t i c u l a r l y  of carbon monoxide, 
which by chance is conspicuous i n  v i s u a l  l i g h t .  The 
main components of the solar wind, hydrogen and helium, 
c o n s t i t u t i n g  98  percent  by mass, are q u i t e  i n v i s i b l e  
because t h e s e  gases  are too ho t  t o  radiate. 
e l e c t r o n s  have been removed by i o n i z a t i o n  l eav ing  them 
r a d i a t i o n a l l y  impotent. 
Hence 
Thei r  
The solar wind  l a r g e l y  ignores  the n e u t r a l  s p e c i e s  
i n  a comet's coma al though some cometary atoms or m o l e -  
c u l e s  are ionized  by charge exchange and then  carried 
i n t o  t h e  i o n  t a i l .  The ion ized  gases  i n  a comet's t a i l  
are so tenuous t h a t  t h e  a c c e l e r a t i o n  by t h e  solar wind 
sometimes exceeds the  Sun's  g r a v i t a t i o n a l  a c c e l e r a t i o n  
by as much a s  a thousand times. These r a p i d  motions 
and high a c c e l e r a t i o n s  i n  ion  t a i l s  w e r e  mys ter ious ,  
indeed, u n t i l  1950 when t h e  la te  Ludwig Biermann recog- 
nized t h e  func t ion  of t h e  s o l a r  wind. The solar wind 
i tself  w a s  observed d i r e c t l y  i n  t h e  e a r l y  days of t h e  
space age. 
i n  1957 is extremely d i f f i c u l t  t o  apply.  Hence t h e  
direct  observat ions of  f i e l d s  and charged p a r t i c l e s  i n  
t h e  ion  t a i l s  of comet P/Giacobini-Zinner by t h e  ICE 
The plasma theory  developed by Hannes Alfven 
-4 -  
s p a c e c r a f t  and of Hal ley ' s  comet by t h e  v a r i o u s  space  
probes are subs tance  f o r  new t h e o r e t i c a l  developments 
i n  plasma physics .  
l o s s  of  matter and by p e r t u r b a t i o n  of t h e i r  o r b i t s  by 
t h e  p l a n e t s ,  t h e  supply of comets appea r s  t o  be main ta ined  
by comets Cis turbed  f r o m  extremely long o r b i t s  because of 
t h e  a t t r a c t i o n  of  passing stars and t h e  galactic c e n t e r .  
Although comets are being cont inuous ly  dep le t ed  by 
.. 
This  c loud of comets p o s t u l a t e d  by Opik (1932) and O o r t  
(1950) is known as t h e  6pik-Oort Cloud and extends t o  
about  a thousand times P l u t o ' s  d i s t a n c e  from t h e  Sun. 
C o m e t s  a t t a i n  shor t -per iod  o rb i t s  by t h e  a t t r a c t i o n s  o f  
t h e  p l a n e t s .  
The I n t e r p l a n e t a r y  Complex and Asteroids 
The major cu r ren t  c o n t r i b u t i o n  of comets t o  t h e  S o l a r  
System is  t h e  maintenance of s m a l l  p a r t i c u l a t e  m a t t e r  i n  
t h e  i n t e r p l a n e t a r y  medium provid ing  t h e  material f o r  t h e  
Zodiacal  Light  and t h e  Gegenschein. The annual  meteor 
streams of  t h e  L e o n i d s  and P e r s e i d s  w e r e  first a s s o c i a t e d  
s p e c i f i c a l l y  wi th  t h e i r  p a r e n t  comets i n  the  1860's. 
Some 15  such a s s o c i a t i o n s  are now recognized whi le  Elsson- 
Steel  (1986) has r e c e n t l y  produced ev idence  t h a t  essen-  
t i a l l y  a l l  spo rad ic  meteors are of cometary o r i g i n .  
Seve ra l  l i n e s  of ev idence  p o i n t  t o  t h e  e j e c t i o n  o f  
moderate s i z e d  masses from t h e  s u r f a c e s  of comets. N o t  
on ly  do  many comets s p l i t  b u t  active comets such as H a l l e y ' s  
f o r  which nea r  nucleus obse rva t ions  are p o s s i b l e ,  show s h a r p  
condensa t ions  t h a t  mus t  involve  ejected coherent  p i eces .  
Cornet P/Encke shows almost no continuum i n  i t s  spectrum b u t  
i t s  a s s o c i a t e d  T a u r i d  meteors s o m e t i m e s  i nc lude  f a i r l y  
b r i g h t  f i r e b a l l s .  
Alcock, 1983 V I I ,  i n  i t s  nea r  Ea r th  passage i n d i c a t e d  an 
accompanying b u t  detached c loud  of p a r t i c l e s  l a r g e  enough 
Radar obse rva t ions  o f  comet IRAS-Araki- 
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t o  be conspicuous a t  a wavelength of 1 3  cm (Campbell 
-- et. al. 1983). Cometary a n t i - t a i l s ,  s een  when b r i g h t e r  
comets are observed a s  t h e  Ea r th  crosses t h e i r  o r b i t  
p l anes ,  arise f r o m  s i z e a b l e  p a r t i c l e s  l y i n g  very  close 
t o  t h e  p l anes  of the  o r b i t s .  The d i f f i c u l t i e s  of t h e  
Hal ley comet missions as they crossed  the  o r b i t  p lane  
of t h e  comet a t tes t  t o  t h e  e x i s t e n c e  of  t h e s e  s i z e a b l e  
p a r t i c l e s .  
In  v i e w  of  t h e  va r ious  methods now a v a i l a b l e  t o  
s tudy  cometary debr i s  i nc lud ing  i n f r a r e d  observa t ion  
from s p a c e c r a f t  such as IRAS, perhaps it is t i m e  t o  re- 
e v a l u a t e  t h e  t o t a l  con t r ibu t ion  of comets t o  p a r t i c u -  
la te  material i n  the i n t e r p l a n e t a r y  complex. Severa l  
i n v e s t i g a t o r s  including Delsermne (1976) , Roser (1976) , 
KresAk (1980) and Mukai e t  -- a l .  (1983) doubt  t h a t  comets 
can supply t h e  few tons of t ons  p e r  second (Whipple, 
1976) r equ i r ed  t o  maintain t h e  zod ica l  p a r t i c l e s ,  which 
are l a r g e l y  destroyed by c o l l i s i o n s .  
There remains a ques t ion  a s  t o  whether t h e  a s t e r o i d  
Phaethon (NO. 3200, 1983  T B ) ,  appa ren t ly  t h e  pa ren t  body 
f o r  t h e  Geminid meteor stream, may be an o l d  comet nucleus.  
The Geminid s t ream has a s m a l l  aphe l ion  d i s t a n c e  ( j u s t  
beyond Mars' O r b i t )  and a near  record  s m a l l  p e r i h e l i o n  
d i s t a n c e  of 0.14 AU. The observed color of Phaethon has 
been i n  doubt. Tholen (1985) r e p o r t s  t h a t  broad-band 
p h o t o e l e c t r i c  photometry a t  f i v e  wavelengths from 0.3 t o  
0.9 pm show Phaethon t o  be s l i g h t l y  b l u e r  than  t h e  Sun, 
inp ly ing  a r a r e  F c l a s s i f i c a t i o n ,  whereas Cochran and 
Barker (1984) and Belton e t  -- a l .  (1985) f i n d  it t o  be of 
S-Class on t h e  b a s i s  of spec t roscop ic  observa t ions .  The 
S - c l a s s i f i c a t i o n  would p l a c e  Phaethon colorwise among 
t y p i c a l  a s t e r o i d s  w h i l e  t h e  F c l a s s i f i c a t i o n  would mean 
it is poss ib ly  cometary. 
i f  
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The Geminid meteoroids themselves  are very dense 
r e l a t i v e  t o  cometary stream meteoroids .  Verniani  (1967) 
f i n d s  t h e i r  d e n s i t y  t o  be % 1.0 gm anc3, about  t h r e e  
tunes  the average fo r  t h o s e  in streams. Whether t h i s  
h igh  d e n s i t y  r ep resen t s  s imply t h e  s u r v i v a l  of t h e  
toughesc 5odies  i n  shor t -per iod  orb i t s  so nea r  t o  t h e  
Sun, or whether it rep resen t s  b a s i c a l l y  a meteoritfc 
a e n s i t y  of .OaTbOMCeOUs c h o n d r i t i c  n a t u e  remains an 
open ques t ion .  
The gene ra l  ques t ion  as t o  whether aging comet 
n u c l e i  may become i n d i s t i n g u i s h a b l e  from rocky asteroids 
became an  obvious i s sue  w i t h  t h e  i n t r o d u c t i o n  of t h e  
i c y  conglomerate model for t h e  cometary nucleus.  Sub- 
s t a n t i v e  evidence t o  se t t le  t h e  q u e s t i o n  remained e l u s i v e  
u n t i l  r e c e n t  years .  An important  related ques t ion  con- 
c e r n s  the source of t h e  near-Earth asteroids, t h e  Aten- 
Apollo-Amor groups,  i n  o rb i t s  somewhat resembling those  
of old comets. These bodies have q u i t e  f i n i t e  l i f e t i m e s  
a g a i n s t  p lane tary  c o l l i s i o n s ,  measured i n  t e n s  of m i l l i o n s  
of yea r s .  Aging comets seemed t o  be a l i k e l y  renewable 
source  f o r  such ki lometer-s ized bodies whereas t h e  aster- 
oid b e l t  seemed impotent t o  renew the  supply.  
I n f r a r e d  spectroscopy and photometry have now been 
a p p l i e d  t o  a l a r g e  number of a s t e r o i d s  and a l s o  t o  a few 
i n a c t i v e  comet nuc le i  a t  g r e a t  s o l a r  d i s t ances .  Photo- 
metry a lone  provides  a comparison of t h e  s p e c t r a l  r e f l e c -  
t i v i t i e s  of t h e  bodies i n  ques t ion  w h i l e  t h e  a d d i t i o n  of 
d iameter  measures, e i t h e r  d i r e c t l y  or v i a  temperature  
measures,  adds a knowledge of t h e  albedos.  
of comets compared with t h e  v a r i o u s  c l a s s e s  of a s t e r o i d s  
has  been made by t h r e e  a c t i v e  c o n t r i b u t o r s  t o  t h e  f i e l d ,  
Hartmann, Tholen, and Cruikshank, HTC (1986). The i r  COm- 
A very thorough s tudy  of t h e  s u p e r f i c i a l  appearances 
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p i l a t i o n  of c m e t a r y  albedos (geometric reduced t o  
v i s u a l  wavelengths) from 1 3  measures or averages 
(17 comets i n  a l l )  l e a d s  t o  a mean va lue  of 0 .051  + 
0.001. The va lues  range from 0 .01  t o  0.13 withCT 
f o r  one determinat ion of 5 0.037. The scatter may 
w e l l  arise l a r g e l y  from measuring errors and from 
dus ty  atmospheres. The mean va lue  is i n  e x c e l l e n t  
agreement with t h e  va lues  determined f o r  t h e  nucleus 
of Hal ley ' s  comet by t h e  Vega and G i o t t o  space probes,  
0.04. The Moon's g e o m e t r i c  a lbedo i s  0.115, w i th  a 
Bond albedo of 0.065. I f  t h e  t y p i c a l  cometary nucleus 
scatters and r e f l e c t s  l i g h t  l i k e  t h e  Moon, t h e  Bond al-  
bedo of comets would average about  0 .02 ,  extremely 
b lack  indeed! 
The d i s t r i b u t i o n  of i n f r a r e d  photometr ic  color 
parameters  f o r  comets are r e s t r i c t e d  on t h e  V-J ver sus  
J - K  diagram and on t h e  J-H ver sus  H-K diagram (see Hartmann 
e t  -- a l , 1985) t o  regions occupied by a s t e r o i d s  of c o l o r  
c l a s s e s  C, P, and D ,  p a r t i c u l a r l y  c l a s s  D (see Gradtie and 
Tedesco, 1 9 8 2 ,  f o r  d e f i n i t i o n ) .  The C ,  P and D class 
a s t e r o i d s  have extremely l o w  a lbedos and a r e  somewhat red- 
d i s h .  They occupy t h e  o u t e r  reg ions  of t h e  a s t e r o i d  
be l t ,  inc luding  the Tro jans ,  which move near  t h e  Lagran- 
gian p o i n t s  i n  J u p i t e r ' s  o r b i t ,  Hidalgo, long recog- 
nized as an a s t e r o i d  having an o r b i t  l i k e  t h a t  of a s h o r t -  
per iod  comet, is, for  example, i n  c o l o r  class i) as are 
t h e  t i n y  1983 SA and 1984 BC, with  a p h e l i a  a l s o  exceeding 
5.3 AU. The t h r e e  comets P/Neujmin 1, P/ArendrRigaux and 
P/Schwassmann-Wachmann, 1, are a l s o  of color class D ,  i n  
t h e  Table  by HTC. The myster ious Chiron, i n  a "Chaotic" 
o r b i t  between Saturn and Uranus, has  a similar c o l o r ,  
a sub-set  of Class C. 
w i t h  o r b i t s  suggest ing a poss ib ly  cometary o r i g i n  
Thus HTC f i n d  t h a t  11 a s t e r o i d s  
f a l l  i n  t h e  color classes of  D ( 5 ) ,  P ( 1 ) ,  C ( 1 ) ,  and C- 
l i k e  ( 4 ) .  
On t h e  o t h e r  hand, among 1 3  Aten-Apollo-Amor ob? 
jects HTC f i n a  only one i n  t h e  C class (an Aten) and 
t h e  o t h e r s  i n  more t y p i c a l  as teroidal  color c l a s s e s ,  
Because meteorites a r e  probably most ly  f ragments  from 
a s t e r o i d s  i n  near-Earth o rb i t s ,  t h e  appa ren t  a s t e r o i d a l  
c h a r a c t e r  of t h e s e  bodies i s  c o n s i s t e n t  w i th  t h e  chemi- 
ca l  n a t u r e  o f  me teo r i t e s  as compared wi th  Brownlee 
p a r t i c l e s .  I n  h i s  accompanying paper  W e t h e r i l l  e labo-  
rates on Wisdom's (1983) theory  concerning t h e  c h a o t i c  
p e r t u r b a t i o n s  of  the Aten-Apollo-Amor a s t e r o i d s  f r o m  
t h e  h e a r t  of t h e  a s t e r o i d  be l t .  
Because of t h e  s imi la r i t i es  of the  apparent  su r -  
faces of t h e  o u t e r  a s t e r o i d s  t o  t h o s e  of comets and 
a lso t o  some of t h e  i c y  s a t e l l i t e s  of the  g i a n t  p l a n e t s ,  
HTC suppor t  t h e  t h e s i s  t h a t  ices formed near  J u p i t e r ' s  
o r b i t  and beyond during t h e  formation of  t h e  Solar System. 
I n  t h e i r  p i c t u r e  J u p i t e r  comets, Sa tu rn  comets e t c . ,  
a c c r e t e d  as bui ld ing  b locks  of t h e  o u t e r  p l a n e t s  and a l s o  
con t r ibu ted  t o  t h e  s a t e l l i t e  systems. Because of v i o l e n t  
c o l l i s i o n a l  losses near t h e  g i a n t s ,  J u p i t e r  and Sa turn ,  
t h e  comets o f  t h e  bpik-Oort Cloud may have been der ived  
p r i m a r i l y  f r o m  t h e  comets n e a r  Uranus and Neptune. 
Comets t o  As te ro ids?  How? 
There are a t  l e a s t  t h r e e  obvious circumstances where- 
by comets could develop i n t o  bod ies  s u p e r f i c i a l l y  l i k e  
a s t e r o i d s  and y e t  another  process  t h a t  might l e a d  t o  
s imi l a r  r e s u l t s  : 
a)  I n  t h e i r  growth comets may have f i r s t  accreted 
f r o m  rocky m a t e r i a l  and l a t e r  added a dus ty- ice  envelope. 
Such a comet i n  a shor t -per iod  o r b i t  would e v e n t u a l l y  
s u b l i m e  away i t s  i c y  envelope and become an i n a c t i v e  
a s t e r o i d a l  body. 
b )  Large comets wi th  r a d i i  g r e a t e r  t han  perhaps 
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20 km may have acc re t ea  from dus ty- ice  p a r t i c l e s  bu t  have 
been hea ted  r a d i o a c t i v i t y  u n t i l  t h e  volat i les  w e r e  re- 
moved from t h e i r  cores.  When f i n a l l y  exposed, t h e s e  cores 
might appear a s t e r o i d a l .  This  subject has  been d i scussed  
by Whipple and Stefanik (1966) .  Only i f  t h e  accumulation 
of comets occurred i n  a time less than  a few m i l l i o n  y e a r s  
could r a d i o a c t i v e  2 6 A 1 ,  i f  p r e s e n t ,  have heated t h e  cores 
of s m a l l  comets. O t h e r w i s e  t h e  u s u a l  r a d i o a c t i v e  elements  
of 40K etc. could have been but  only f o r  r a t h e r  l a r g e  
comets. 
c) The coarser m e t e o r i t i c  m a t e r i a l  i n  active comets 
may f a l l  back t o  t h e  s u r f a c e ,  i n s u l a t e  and f i n a l l y  choke 
o f f  cometary a c t i v i t y  even though an i c y  core remains. 
Only H 2 0  ice would probably remain i n  the core as i ts  
temperature  would probably have r i s e n  t o  a level t h a t  
would subl imate  more v o l a t i l e  ices or amorphous ices. 
ing  t h e i r  accretion period o r  even la te r  may have v o l i -  
t a l i z e d  much of t h e  ice and l e f t  l a r g e  volumes of meteori- 
t i c  m a t e r i a l  throughout t h e  cometary bodies .  The des t ruc -  
t i v e n e s s  of such c o l l i s i o n s  has not  been s tud ied  i n  d e t a i l ,  
being ba re ly  suggested by Donn (1963).  Poss ib ly ,  though, 
such c o l l i s i o n s  may have r e tu rned  e s s e n t i a l l y  a l l  of t h e  
materials of t h e  comets t o  t h e  solar (or p r i m i t i v e )  nebula .  
The k i n e t i c  energy a t  a v e l o c i t y  of 2.3 km/sec equa l s  t h e  
l a t e n t  hea t  of  vapor iza t ion  of extremely co ld  H 2 0  ice 
(11,700 cal/mol) . I f ,  f o r  example, comets of t h e  6pik-Oort 
c loud were t h e  primary bu i ld ing  biock of Uranus and Neptune, 
t h o s e  w e  have recovered must have been removed e a r l y  i n  t h e  
evo lu t ion  of those  p l ane t s  be fo re  l a r g e  v e l o c i t i e s  w e r e  
b u i l t  up by t h e  growing p ro top lane t s .  O r  perhaps t h e s e  
have l u c k i l y  escaped ahead -- on c o l l i s i o n s .  
of Hal l ey ' s  comet, i n c i d e n t a l l y ,  appears  t o  be a badly 
b a t t e r e d  body. 
d )  More specu la t ive ly ,  c o l l i s i o n s  among comets dur-  
The nucleus 
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T h e  observa t ions  of comets produce i n d i r e c t  evidence 
t h a t  t h e  active comets w e  observe may n o t  have l a r g e  meteo- 
r i t i c  cores, t h u s  weighing a g a i n s t  c i rcumstances a) and b ) .  
Sekanina (1977),  in h i s  s tudy  of s p l i t  comets, f i n d s  t h a t  
t h e  smaller p i eces  broken f r o m  comets move away from t h e i r  
p r imar ies  by t h e  ac t ion  of d i f f e r e n t i a l ,  non-g rav i t a t iona l  
j e t  f o r c e s  radial  t o  the  Sun. Thei r  s u r v i v a l  times cor- 
relate wi th  t h e i r  non-g rav i t a t iona l  forces according t o  
about  same logar i thmic  r e l a t i o n s h i p  independent of t h e  
s u r v i v a l  t i m e  or  i d e n t i t y  of t h e  p iece .  Thus e igh teen  
p i e c e s  broken off from a dozen d i f f e r e n t  comets are some- 
what s i m i l a r  i n  s t r u c t u r e .  N o  evidence t o  date sugges ts  
t h a t  s p l i t  comets a r e  i n h e r e n t l y  d i f f e r e n t  from o t h e r  
comets b u t ,  of course,  rocky co res  may n o t  have s p l i t  o f f .  
of comets appear t o  be much a l i k e .  
are p ieces  broken t i d a l l y  from a very l a r g e  comet i n  t h e  
not - too-d is tan t  p a s t .  I n  t h i s  case, however, a s t e r o i d a l  
i n c l u s i o n s ,  i f  p resent ,  probably would n o t  have been ob- 
served. 
appeared while  under observat ion.  Sekanina (1984) has 
described t h e  process f o r  a h a l f  dozen, inc luding  the m o s t  
famous, P/Westphal, 1852 IV, t h a t  faded ou t  on t h e  way t o  
p e r i h e l i o n  as 1913 VI, never  t o  be found again.  
t i o n  follows: "When discovered,  they  t y p i c a l l y  d i s p l a y  a 
prominent,  s t a r - l i k e  c e n t r a l  condensat ion,  bu t  a f ad ing  sets 
i n  very suddenly and t h e  c e n t r a l  condensat ion d i sappea r s  
u sua l ly  i n  a metter of days.  
o f t e n  (but  n o t  always) expanding g radua l ly  and becomes pro- 
g r e s s i v e l y  elongated.  Its s u r f a c e  b r i g h t n e s s  is dec reas ing  
(sometimes w i t h  erratic l i g h t  v a r i a t i o n s  superimposed) u n t i l  
The var ious  members of t h e  Kreutz Sun-grazing family 
They almost c e r t a i n l y  
Seve ra l  comets appear t o  have d i s i n t e g r a t e d  and d i s -  
H i s  d e s c r i p t -  
A t  t h e  same t i m e  t he  coma is  
t h e  comet's whole head completely vanishes .  
can become t h e  b r i g h t e s t  p a r t  of t h e  o b j e c t  and s u r v i v e  
t h e  head . " 
The t a i l  
I f  these d e s c r i p t i o n s  are t r u l y  t o  be accepted as 
record ing  of t h e  dea th  t h r o e s  of  s m a l l  comets, it is 
i n t e r e s t i n g  t h a t  Sekanina u s u a l l y  f i n d s  the remnant d u s t  
t a i l s  t o  c o n s i s t  of p a r t i c l e s  g r e a t e r  t han  50 - 100 urn* 
I n  c o n t r a s t ,  t h e  end of t h e  sun-grazer 1887 I, undoubted- 
l y  a broken p i ece ,  involved micron and submicron p a r t i c l e s ,  
t y p i c a l  of most ordinary comets. Were t h e  i n i t i a l  g r a i n s  
a t  t h e  very c o r e s  of comets t y p i c a l l y  > 100um i n  dimension? 
In  any case t h e s e  d i s i n t e g r a t i n g  comets also tend  t o  suppor t  
t h e  t h e s i s  t h a t  a c t i v e  comet cores do no t  c o n s i s t  of huge 
meteoritic or rock aggregates.  
been rediscovered even a f t e r  thorough searches  wi th  h- 
proved t e l e s c o p i c  equipment. 
a while  and then l a y  dormant. Thus a few comets s e e m  t o  
have d i ed  pass ive ly ,  ceasing t o  show hazy or c e n t r a l  con- 
densa t ions  even nea r  pe r ihe l ion .  I f  discovered now t h e i r  
s t e l l a r  appearance would cause them t o  be c a l l e d  a s t e r o i d s  
i n  s h o r t  per iod  cometary o r b i t s .  blarsden (1970) l i s t  two 
such examples and d iscusses  some of t h e  o r b i t a l  consider-  
a t i o n s .  
meteoritic d e b r i s  t h a t  i n s u l a t e  t h e  ices of t h e i r  i n -  
teriors from r a p i d  s o l a r  hea t ing .  One wonders how many 
of t h e  Trojan a s t e r o i d s  o r  t hose  of D ,  P or C c o i o r  
classes would develop comas and appear cometary i f  they 
should c o l l i d e  wi th  s i zeab le  i n t e r p l a n e t a r y  bodies .  
face of t h e  nucleus of Ha l l ey ' s  comet demands t h a t  t h i s  
s u r f a c e  be covered w i t h  a good i n s u l a t i n g  m a t e r i a l ,  
sumably dus t .  The evidence t h a t  Encke's comet ( n i p p l e  
Half a dozen o r  so o t h e r  shor t -per iod  comets have n o t  
Probably they were active fo r  
All of these comets probably have t h i c k  l a y e r s  of 
The high temperatures observed on t h e  i n a c t i v e  sur-  
pre- 
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and Sekanina, 1 9 7 9 )  has  one hemisphere t h a t  is  now 
most ly  i n a c t i v e  suppor ts  t h e  hypo thes i s  t h a t  accumu- 
la ted p a r t i c u l a t e  d e b r i s  covers under ly ing  ices and 
c u r t a i l s  comet a c t i v i t y .  
Many of t h e  larger p a r t i c l e s  r a i s e d  by sublima- 
t i o n  must f a l l  back t o  t h e  nucleus.  The largest one 
may never rise from t h e  s u r f a c e .  Many must s u r v i v e  
breakage from wasting on s l o p e s  and mesa-like eleva- 
t i o n s ,  from mate r i a l  f a l l i n g  back, and from thermal  
stresses of n i g h t  t o  day on a r o t a t i n g  nucleus.  I n  
f ac t  it seems easier t o  imagine p rocess  t o  choke off 
comet a c t i v i t y  than t o  promote it. 
A l l  of t h i s  evidence i s  c o n s i s t e n t  wi th  comets 
having been formed by t h e  a c c r e t i o n  of i n t e r s t e l l a r  
t y p e  d u s t  a t  extremely l o w  tempera ture ,  t h e  basic 
material  being of t h e  n a t u r e  desc r ibed  and s t u d i e d  i n  
t h e  l a b o r a t o r y  by Greenberg (1984).  
needed t o  l e a d  t o  an understanding of t he  n a t u r e  and 
o r i g i n  of these fundamental b u i l d i n g  blocks of t h e  
Solar System. 
Space miss ions  t o  comets and a s t e r o i d s  are c l e a r l y  
Conclusions 
C o m e t  c o n t r i b u t e  m o s t  of t h e  p a r t i c l e s  t h a t  pro- 
duce t h e  - Z0diaC.d. Light and i n t e r c e p t  t h e  E a r t h ' s  atmos- 
phere  as meteors. The colorimetric and r e f l e c t i v e  
c h a r a c t e r i s t i c s  of comets and t h e  outermost  a s t e r o i d s  
are so s i m i l a r  a s  t o  sugges t  t h a t  some shor t -pe r iod  
comets f i n a l l y  become i n a c t i v e ,  i n d i s t i n g u i s h a b l e  from 
some a s t e r o i d s .  But t h i s  is probably n o t  t r u e  f o r  t h e  
near-Earth a s t e r o i d s .  The cometary evidence sugges t s  
t h a t  aging comets may become i n a c t i v e  because they  are 
choked by overlying p a r t i c u l a t e  mater ia l  t h a t  p reven t s  
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so lar  heat frm sublimating the  underlying ices, 
strong evidence suggests that  p r i s t i n e  cometary cores 
are i n t r i n s i c a l l y  rocky. Space missions to  comets and 
asteroids are urgently needed , 
Geology Program of the  U.S. National Aeronautics and 
Space Administration. 
No 
This study has been supported by the Planetary 
Coma, Head 
(Near Sun) 
Ions (tail) 
Dust 
Table 1 
Species Observed in Comets. 
CHI CN, CO, C02, CS, HCN, HCO, CH3CN, 
NHr "2, "3, 
0 ,  OH, HZO, S, S2o 
Na, K, Ca, Cr, Mn, 
Fer Co, Ni, Cu, V ( ? ) ,  Ti(?). 
C+, CH', CN', CO+, C02, + 
+ + + + 
N:, OH , H ~ O  , Ca , H ~ S  
Silicates and hydrocarbons, mostly dielectrics. 
(See later papers for  additions from Halley 
comet missions.) 
NEWS FROM VISITS TO HALLEY'S COMET 
Fred L. Whipple 
Smi thsonian Astrophysical Observatory 
I am indeed honored and pleased t o  participate i n  this j o i n t  
meeting w i t h  the Royal Society, which has survived since 
about  12 years before Halley first  observed the comet t h a t  
carries his name. The Philosophical Society was formed 
later by about one revolution of the comet, some fifteen 
years before i ts  recovery i n  1758 as  predicted by Halley. 
A t  the current apparition a unique and t ruly remarkable event 
has occurred. Three spacecraft have visited the comet, pas- 
sing dangerously close, well w i t h i n  the coma or  major d u s t  
and gas envelope surrounding the nucleus (Fig .  1 ) . My major 
interest has been i n  the nature of  this discrete nucleus 
which I postulated many years ago t o  be an icy conglomerate 
mixture of f ine  dus t  embedded i n  a mixture of various ices, 
water ice probably being the most prevalent. 
SUMMARY 
For the f irst  time i n  history spacecraft have invaded the 
coma of a great comet and survived to  send back pictures o f  
the nucleus and a host of scientific da ta .  T h i s  is  a prelimi- 
nary report about the first images o f  the hither-to unexplored 
nucleus of  a great comet. 
t h a n  expected and provides clues about  the or ig in  of comets 
and o f  the solar system. 
The nucleus i s  larger and blacker 
Recently, within the interval from March 6 t o  March 14,  
two USSR spacecraft, the Vegas, two Japanese spacecraft and 
the Giotto mission o f  the European Space Agency passed by 
the nucleus of Halley's comet.* T h i s  concentration i n  time 
was, i n  fact, unfortunate because Halley's comet typically 
reaches i t s  maximum brightness approximately a month after i t  
passes closest t o  the Sun,  a t  perihelion (9 February 1986), 
*Preliminary scientific reports from al l  the experiments i n  
these missions are contained i n  Nature 321 :259-366 (1 5-21 May) 
1986 - 
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A t  t h a t  t ime i t  emits gas and dust a t  the maximum r a t e  as induced by 
the subl imation o f  the ices heated by s o l a r  rad iat ion.  The dust and 
small p a r t i c l e s  presented a serious hazard t o  the spacecraft which 
were passing through the dust a t  speeds o f  some seventy o r  more k i l o -  
meters per second. The reason f o r  the concentrat ion o f  the missions 
a t  the most dangerous time was, however, a p r a c t i c a l  one. A severely 
l i m i t e d  amount o f  energy was ava i l ab le  f o r  p rope l l i ng  the spacecraft. 
Hence they perforce moved close t o  the Earth 's o r b i t  and necessar i ly  
met the comet near the t i m e  when i t  crossed the plane. This, by 
chance, occurred near the time o f  maximum a c t i v i t y .  The extremely 
high r e l a t i v e  v e l o c i t i e s  o f  the encounters were s i imi lar ly  caused by 
the f a c t  t h a t  Hal ley 's  comet i t s e l f  i s  moving almost i n  the reverse 
d i r e c t i o n  around the Sun from t h a t  o f  the Earth i n  i t s  o r b i t .  Thus 
the missions met the comet near ly  head on (Fig.2). 
It was my p r i v i l e g e  t o  be present i n  Moscow a t  the Mission 
Center t o  observe the telemetr ic repor ts  from two Vega spacecraft 
on March 6 and on March 9. An unusual amount o f  i n te rna t i ona l  co- 
operat ion was involved i n  these v i s i t s ,  which was sponsored by an 
I n t e r  Agency-Consul t a t i v e  Group ( I A C G )  and the In ternat ional  Hal ley 
Watch. 
Academy o f  Sciences, the In ternat ional  Hal ley Watch by the J e t  Pro- 
puls ion Laboratory o f  the National Aeronautics and Space Administra- 
t i o n .  
possible by the a c t i v i t i e s  o f  D r .  Roald Sagdeev o f  the USSR Academy 
o f  Science. 
we1 comed. 
The images o f  the comet were displayed on l a rge  screen t e l e -  
v i s i o n  pro ject ions i n  beaut i fu l  f a l s e  co lo rs  t o  show v a r i a t i o n  i n  
brightness from the center of the nucleus reg ion throughout the ob- 
servable areas o f  the comet. The comet i t s e l f  was, i n  fac t ,  almost 
uniformly whi te w i t h  a very s l i g h t  reddish t inge, there being almost 
no c o l o r  e f f e c t s  caused by d i f f e r e n t i a l  sca t te r i ng  o f  s u n l i g h t  by 
the various gases. The f i r s t  Vega approached w i t h i n  9,000 ki lometers 
o f  the nucleus of the comet. The eroding e f f e c t  o f  the dust, l i k e  
I n  t h i s  country the I A C G  was supported by the National 
This in ternat ional  s c i e n t i f i c  comradeship was l a r g e l y  made 
In ternat ional  press, radio, and TX representatives were 
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t h a t  on an automobile windshield i n  a violent d u s t  storm, was so 
serious a s  to  reduce the electric power of the solar panels by 
a b o u t  45 percent. An even greater loss was experienced by the 
second Vega on March 9 t h a t  passed within about  8,000 k i lo -  
meters of the nucleus. In the l a t t e r  case several o f  the ten 
experiments aboard the spacecraft were partially incapacitated 
by the passing dus t .  
These f i r s t  images show w h a t  was seen i n  Halley's comet 
f i r s t  by the great mathematician and astronomer Fredrich Wil helm 
Bessel in 1835. Very near the nucleus the je t s  are directed 
towards the Sun, whereas, in the normal less resolved images we 
see a curtain of l ight around the nucleus stretching off i n  the 
opposite direction from the Sun.  A fountain effect occurs on 
the sunny side. The motion i s  reversed by the pressure of sun- 
l ight on the dust particles coming out  from the nucleus and by 
the pressure on the positively charged ions of  the gases by the 
solar wind blowing away from the Sun and by the comet a t  some 400 
kilometers per second. These pressures produce cometary ta i l s .  
Otherwise the images obtained by the f i r s t  Vega spacecraft were 
very diff icul t  t o  interpret and rather confusing a t  the time. 
Figure 3 (a ,b )  shows the nucleus before the closest approach t o  
the comet w i t h  the Sun t o  the l e f t  i n  the t o p  images. 
spots o r  rays are evident. 
live television and were confused as t o  what you were seeing a t  
the time, so was I .  A t  minimum distance ( F i g . 3 , ~ )  the Sun was i n  
back of the spacecraft. In  these images the scale should be 
stretched vertically so tha t  the comet image i s  very nearly a 
circle. The dimension here i s  about  20 kilometers across the 
picture. Figure 3,d shows the image with the Sun t o  the r i g h t  
af ter  closest approach. What p a r t  of these images represented 
the nucleus? The interpretations were so diff icul t  that for the 
f i r s t  day o r  two af ter  Vega 1 ,  I wondered whether we might  indeed 
Two b r i g h t  
If you happened t o  be watching the 
have been seeing a double comet: two components o r b i t i n g  about 
each other. 
Three days later as I watched Vega 2 approaching the comet, 
I was very unhappy because the presentations showed some very 
large images of the huge coma and not the nucleus of the comet. 
I learned afterwards that there had been some malfunction i n  
the microprocessor of the spacecraft controlling the p o i n t i n g  of 
the camera. 
ordered the starfinder t o  set on the comet. Being intended only 
as  a finder i t  pointed the camera some three minutes of arc away 
from the actual center of the comet nucleus. The exposure of 
the camera was set  by the intensity of the light where the camera 
was pointed, i n  this case o u t  a t  a f a i n t  par t  of the coma. Hence 
the images were over-exposed and gave no real information about 
the nucleus. By a happy coincidence the t u r n i n g  of the spacecraft 
a t  nearest passage was so rapid t h a t  the camera could n o t  keep up. 
Thus by luck the proper light levels were acquired for two exposures 
a t  the nearest approach. (Fig. 4.)  
In a l as t  minute desperation action the engineers 
Two b r i g h t  centers show i n  the image of  Vega 2 some 8000 kilo- 
meters away w i t h  the Sun i n  back o f  the spacecraft. A large bright 
ray extends below. The separation of the centers i s  roughly 8 kilo- 
meters. 
edges o f  the nucleus i n  these pictures. Note t h a t  the dimensions 
seem to depend upon the level of the exposure. What we are seeing 
are one o r  two very bright rays coming from the nucleus o f  the comet, 
mostly dust illuminated by sunlight, the brightest ray extending 
below i n  Figure 4. 
Very thorough analysis will be required to  delimit the 
Five days later a t  Darmstadt i n  West Germany I was privileged 
t o  see the results coming in from the European Space Agency's Giotto 
Mission. The Giotto spacecraft was given t h a t  name be cause of the 
famous p a i n t i n g  of the Nativity scene made i n  1305 by the Italian 
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painter Giotto. He depicted a comet that was probably Halley's, 
which he could have seen i n  1301. The s ta r  seen by the Wise Men 
i n  the biblical account could not have been Halley's comet be- 
cause i t  passed perihelion i n  12 B.C. 
Between the Vega 2 and Giotto missions there occurred a 
remarkable example of international scientific cooperation. The 
scientists wished t o  f l y  the Giotto spacecraft w i t h i n  about 500 
kilometers of the nucleus o f  Halley's comet. Relevant is  the 
surprising fact  of current space lore that we can track craf t  
through space w i t h  an uncertainty of perhaps 50 kilometers, b u t  
OW observations of  astronomical bodies, particularly of comets, 
are generally uncertain by some two or more hundred kilometers. 
The Giotto spacecraft, which aimed to miss the comet nucleus by 
500 kilometers, might  have passed the comet much more closely 
than expected and been destroyed by the surrounding particles. 
T h u s  OPERATION PATHFINDER was s e t  up. I t s  purpose: to ut i l ize  
the observations o f  the nucleus of Halley's comet made by the two 
Vega spacecraft t o  locate i t  precisely i n  space, and thereby enable 
the Giotto mission to be directed w i t h  much greater precision. 
The resultant uncertainty i n  the miss distance from the spacecraft 
t o  the nucleus of Halley's comet was estimated to be 40 kilometers. 
Between March 9 and March 14 a s l i g h t  correction was made i n  the 
motion of the Giotto mission aiming i t  t o  miss the comet by 540 
kilometers, reducing the probabil i t y  that the nearest approach 
would be much less t h a n  the desired 500 kilometers. The achieved 
miss distance, i n  fact ,  was 605 kilometers, showing that the actual 
error i n  the space position was about 1.5 times the estimated value, 
an extraordinarily good result. 
A1 though this successful operation appears simple i n  retro- 
spect, i t  actually involved a large number of great radio antennas 
located around the planet and operated by many different countries, 
It also involved detai led advanced planning, exce l l en t  canL 
mufitcations as wel l  as rap id  and accurate ca lcu lat tons made 
by computing centers i n  two continents. The success o f  the 
PATHFINDER OPERATION and the nature o f  the images o f  the 
cometary nucleus as seen by the Vega spacecraft had already 
given us one important s c i e n t i f i c  r e s u l t  about which a num- 
ber o f  us had speculated for  a t  l e a s t  three decades. The 
diffuseness of the apparent center o f  a comet and the poor 
reso lu t i on  o f  such images as seen through our tremulous a t -  
mosphere had made us uncertain as t o  whether the center o f  
brightness neasured f o r  a comet was a c t u a l l y  the same, t o  
astronomical accuracy, as the d i r e c t i o n  t o  the center o f  
g r a v i t y  o r  t o  the t rue  nucleus o f  a comet. The Vega images 
showed c l e a r l y  t h a t  we were seeing j e t s  from the nucleus o f  
a comet and t h a t  the center o f  the b r i g h t e s t  o f  these j e t s  
f e l l  somewhere on the nucleus. Therefore, wel l  w i t h i n  the 
astronomical accuracy, the center o f  1 i g h t  represented the 
center o f  the mass o f  the nucleus, as a r e s u l t  o f  great  s ign i -  
f fcance i n  the i n te rp re ta t i on  o f  the calcuted o r b i t s  o f  comets. 
As we f f r s t  watched the images o f  Hal ley 's  comet from the 
G i o t t o  spacecraft a t  several tens o f  thousands o f  ki lometers 
from the nucleus, we saw two b r i g h t  rays much as the vegas 
had shown. But we also saw a mysterious dark patch opposite 
t o  the Sun (from the two b r i g h t  rays, Fig. 5). I n  r e a l  t ime 
things were happening rap id ly .  Very qu i ck l y  we passed through 
the tmages shown i n  Figures 6-9 u n t i l  the spacecraft reached 
some 1800 ki lometers from the nucleus, a t  which time the t e l e -  
metering suddenly stopped! Apparently a t i n y  p a r t i c l e ,  perhaps 
the mass o f  a g ra in  o f  r i c e  s t r i k i n g  the spacecraft a t  some 70 
ki lometers per second, was able t o  displace the antenna t h a t  
carrl'ed the rad io  images back t o  Earth. Some 32 minutes l a t e r  
the telemetering was resumed b u t  by t h a t  time the spacecraft had 
passed fa r  beyond Halley's comet, perhaps t o  return near the Earth 
about  1990. 
bright rays on the nucleus was i n  fact the silhouette of the 
nucleus i t se l f ,  seen against the background of sunlight scattered 
by the surrounding d u s t .  In other words, we saw for the f i r s t  
time the silhouette of the nucleus of a comet from which we could 
discern the bright d u s t  rays ejected from a very few active areas. 
The Giot to  mission had been lucky! 
of Halley's comet was lower t h a n  when the vegas had gone by. As 
a consequence, the higher intensity of the scattered light i n  
the Vega pictures obscured the limb of the nucleus so t h a t  rather 
subtle analysis has been required t o  ascertain the true shape. 
We had seen only the rays emanating from the nucleus, b u t  not the 
nucleus i t se l f .  The last images taken a t  - 1800 kilometers from 
the nucleus has a w i d t h  of 3 . 2  kilometers and shows details of the 
b r i g h t  ray system and a filamentary structure near the b r i g h t  limb 
of the nucleus. 15 this a series of craters somewhat smaller than 
1 kilometer i n  diameter? Are the b r i g h t  somewhat circular regions 
only sources of d u s t  illuminated by sunlight, or are they brighter 
regions on the surface of the nucleus? The topography o f  this p a r t  
of the nucleus is  yet uncertain. 
Fig. 6 may be a "mountain" peak a few hundred meters i n  height i l -  
luminated i n  the morning  sunlight, b u t  t h a t  too  i s  somewhat specu- 
lative. We can be sure, however, t h a t  the irregularities along 
the nearly s t r a igh t  edge of the nucleus do represent topographical 
features, suggesting a fairly rough surface. 
We imnediately realized t h a t  the dark region shown near the 
The d u s t  level near the nucleus 
The ray seen near the center in 
The length of the nucleus i s  well defined from the dark edge 
a t  the bottom of the pictures t o  somewhat beyond the bright spot 
near the top, some 15 kilometers (see Fig .  10 ) .  The w i d t h  i s  much 
less certain. From photometric cross sections of the nucleus I 
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formed a suggestion that  the maximum w i d t h  i s  some 8 or 9 
k i  1 meters. 
These images coupled w i t h  compositional data Val idate  
completely my original concept t h a t  the heart  of a comet is  
t ru ly  a d i r t y  snowball. Finding the dimensions adds another 
important piece o f  information t h a t  confirms recent infrared 
measures showing the nucleus of a comet t o  be a very black 
object. W i t h  the knowledge of the actual dimensions of the 
nucleus of Halley's comet coupled w i t h  i t s  brightness out a t  
some 10 times the Earth's distance from the Sun before the 
ices had become activated by Sun l i g h t ,  we can calculate  the 
r e f l ec t iv i ty  of the nucleus (albedo). 
about 1/3 t h a t  of the Moon seen i n  the fu l l  phase. I f  the 
angular scat ter ing of s u n l i g h t  by the nucleus o f  the comet 
is  s imilar  t o  tha t  by the Moon, the to ta l  l i g h t  ref lected 
from the surface of the nucleus adds u p  t o  only about  2 per- 
cent of the incident l i g h t .  In other words, the cometary 
nucleus is blacker than coal ,  blacker than charcoal and pro- 
bably comparable t o  black velvet observed from a direction 
where the sheen does not show. 
I t  turns out t o  be 
The r e su l t  coupled w i t h  the d u s t  measures reported i n  
subsequent papers has great  significance i n  visualizing the 
origin of comets. Comets appear t o  contain very f ine  hydro- 
carbon d u s t  par t ic les  such as  are abundant i n  intersteller 
molecular clouds, one of which  consti tuted the great nebula 
t h a t  collapsed to  form the solar-system some 4.5  b i l l i o n  years 
ago. 
d u s t ,  no t  measured previously because the dimensions are too 
small t o  scatter sunlight s ign i f icant ly .  In a somewhat 
porous sol id  made u p  o f  such f ine  d u s t  the rays of s u n l i g h t  
Halley's comet e j ec t s  a great deal o f  extremely f ine  
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scatter down into the material and are largely los t  before they can 
find their  way out again, thus making the cometary material so ex- 
tremely black. 
The Giotto images te l l  us n o t h i n g  about the three dimensional 
shape and the rotation of  the nucleus because they are a l l  taken 
from nearly the same direction. 
shape can be determined well by intercomparison w i t h  the Vega 
images, b u t  an all-out effort will certainly be made. The 52-hour 
rotation period found by Zdenek Sekanina and Steven M. Larson from 
the 1910 photographs have been confirmed by the Japanese spacecraft 
and from the Vega images. The s p i n  i s  i n  the sense of the orbital 
revolution about the Sun as I predicted i n  1950. Whether the pole 
has shifted any i n  these 76 years i s  yet to be determined. 
I t  i s  not certain whether the true 
T h i s  short preliminary report on the images of Halley's comet 
can provide only a taste of the many results to be expected from 
10 scientific experiments on each of the three missions that went 
close to the comet and the additional experiments on the two Japanese 
spacecraft that approached i t  only a t  a m i n i m u m  distance of 750,000 
kilometers. 
nucleus of dimensions not f a r  from expectations, although a b i t  
larger. 
i t s  probable origin from the accumulation of tiny interstellar d u s t  
particles containing carbon, immersed i n  an icy matrix. The nucleus 
appears to be badly battered, suggesting that i t  accumulated by 
colliding w i t h  other comet nuclei. 
The imaging definitely shows that there i s  a discrete 
And the nucleus i s  extremely black g i v i n g  us a clue as to 
The many results to come from the other experiments will deepen 
our knowledge of comets, their origin and, to  some extent, our own 
origins. Next is  needed an extended rendezvous mission i n  which a 
spacecraft hovers around a comet for months o r  even years to  observe 
details of the processes and composition. And eventually we must 
b r i n g  back samples for the subtle analysis possible only i n  great 
laboratories. 
I am very indebted to the International Halley Watch for enabling 
me to observe the live results from the Vega spacecraft as. received 
i n  Moscow and to  the National Aeronautics and Space Administration 
supported research on the imaging camera of the Giotto Mission by 
Ball Aerospace o f  Boulder, Colorado. In addition , I congratulate 
my seventeen colleagues who a r e  responsible f o r  the design, ccn- 
s t ruct ion and operation of  the Giotto camera on a magnificent re- 
sult. I mention specif ical ly  the Project Sc ien t i s t  of the Giotto 
team, Rudeger Reiehard, the chief engineer of the Imaging Team, 
Wilhelm Schmidt and the principal invest igator  of the Imaging Team, 
Horse Uwe Keller whose energy and s c i e n t i f i c  and engineering acu- 
men were a major factor  in the success of the camera. Sadly, a 
famous member of the Team, Ludwig Biermann, d i d  not survive t o  see 
the culmination o f  this experiment. 
My research has been pa r t i a l ly  supported by a grant from the 
Planetary Divis ion of the National Aeronautics and Space Administration. 
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1 Six million kilometers of the head and t a i l  o f  Halley's 
Comet 9 January 1986, (Taken a t  the Calar Alto Observa- 
tory i n  Southern Spain,) courtesy Dr. Kurt Kirkle o f  Max 
Planck Inst i tut  fur Astronomie, Heidelberg. 
2 Inner par t  o f  orbi t  of Halley's Comet t i l t e d  18' i n  re- 
verse direction from Earth's o r b i t  (outer  projection) 
and the Giotto o r b i t  ( inner projection). 
3. Vega I images o f  nuclear region o f  Halley's comet, 6 March 
1986 
a )  
b) 
c )  
d) 
1986. 
k i  1 ometers 
Before nearest approach, Sun l e f t .  
Just before closest approach, Sun l e f t  
A t  c losest  approach, Sun i n  back of observer 
After closest  approach, Sun r i g h t  
4. Vega 2 image of nuclear region of Halley's comet, 9 March 
Sun i n  back of observer. Width of  picture about 15 
5. Giotto image of Halley comet nucleus, 19 March 1986 a t  
distance of 25,660 kilometers 
6. Same a s  Fig. 5 a t  distance of 18,300 kilometers. Width o f  
picture 30 kilometers 
7. Same a s  Fig. 5 a t  distance o f  7100 kilometers 
Width of picture 12 kilometers 
8. Same a s  Fig.5 a t  distance of 4600 kilometers 
Width of picture 7.7 kilometers 
9. Same a s  Fig. 5 a t  distance of 2800 kilometers. Width of 
picture 4.6 kilometers. Sun a t  l e f t  and 29O beyond level 
of picture  
10. Outline of Halley comet nucleus from Giotto images. Dotted 
out l ine is estimated. Various jets o f  sun-illuminated dust 
a r e  indicated . 
